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INTRODUCTION
The success of the Apollo lunar landing will require a good estimation. of
the Command Service Module and Lunar Module state vector at the start of
powered descent and of the landingte position vector. 	 The purpose of
this paper is to compare the accurao- of lunar orbit navigation and landing
for the MSFN navigation and the onboard navigation schemes.
	
The accuracy
of lunar orbit navigation reflects into the accuracy with which a chosen
landing site in a predesignated area can be defii;ed by using two optical
sightings.
	
The cost (attitude fuel) and practicality of the onboard
navigation system is analyzed.	 To establish the landing accuracy, an anal-
;;•sis of errors resulting from the Hohmann transfer maneuver, and the powered
descent had to be performed. 	 In addition, the uncertainties in the landing
site are considered.	 The estimation of the CSM state for the onboard scheme
using recursive linear  filter theory 4.9 defined in reference 1, and the MSFN 
.•,^; capability _^s obtained from reference 2. 	 The analysis of all LM powered
phases is published in reference 3.	 Reference 4 describes the landing site
determination scheme (LSD) examined.
The results of this study are presented in the form of time histories of RMS
position. and velocity errors during lunar orbit; and standard deviations of
position errors, and circular error probability (CEP) at the landing site.
RCS attitude fuel,mission timeline and operational procedures are also
presented.
SUMMARY
:.: A study has been made to determine the accuracy of the onboard navigation
scheme for the lunar orbit and .'sanding phase of the lunar mission. 	 Further,
the onboard orbital navigation accuracy was compared with that available
from the manned spaceflight network.	 The lunar orbit navigational accuracy
is reflected into the accuracy of defining a particular landing site in a
predesignated area by using two optical sightings (landing site determina-
tion scheme).	 The results of this study indicate (1) that there is little
difference between the navigational accuracy associated with the onboard
scheme and the MSFN scheme after two orbits, (2) that the landing site
determination scheme (LSD) reduces the altitude uncertainties significantly,
(3) that a calibration of the LM accelerometers before the Hohmann transfer
maneuver is a prerequisite for a ,j nautical mile CEP, and (4) that the
onboard navigation techniques appear feasible and requires only a minimal
' y'°	 : amount of propellant for attitude control.
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SCOPE OF JTUDX
To determine the capability of the onboard navigation system and compare
this capability with that of MSFN, it was necessary to obtain a reference
trajectory which contained the essential characteristics of any lunar landing
mission. This trajectory started at the lunar orbit insertion and terminated
at lunar landing. The nominal sequence of events was taken to be the
following:
a. Lunar orbit inertion (LOI) completed at 180 0 longitude
b. Landmark and/or "landing site optical sightinge on each orbit
c. 2, 3, or 4 orbits prior to LM descent
d. Hohmann transfer initiat",.on at 1670 West longitude requiring 45
seconds
e. Powered descent initiation at 130 East longitude
f. Landing at 00 latitude,00 _longitude
Certain a priori statistics are required for the onboard navigation system
to be initialized. The statistics, the error models, and the hardware
constraints necessary for the analysis are given in the next section.
ERROR MODELS AND
CONSTRAINTS
IMU AND OPTICS
The error model for the IMU and the optical instruments are given in the
following figurer
Error Source
Gyro Drift
Accelerometer Bias
With Calibration (Est.)
Accelerometer Scale Factor
Scanning Telescope (CSM)
SPxf:Ant ( OW)
Standard Deviation
. 030,/Hr
.0066 Ft/Sec2
.0016 Ft/Sect
116 PPM
1 MR
_? MR.
4'-
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Error Source
	 Standard Deviation
Alinement Optical Telescope (LM)
	
1 MR
IMU Alinement
	
1 MR
Optical Tracker (LM) 	 .2 MR
y *V,
IMU Alinement	 .2 MR
w ~	The value for the accelerometer bias after inflight calibration is strictly
an estimate and was taken to be one-fourth of the non-calibrated value.
The IMU was alined fifteen minutes prior to all powered phases.
MSFN
The MSFN error model and tracking model are given in the following figure:
Station Noise Bias Station Location
Uncertainty (Ft)
(Ft/Sec) (Ft/Sec) x	 y	 z
MAD
(Master) .1 .07 128 102 121
CYI
.1 .2 253 453 417
ASC
.1 .2 141 340 358
4 F
x	 w
Assumptions:
(1) Sampling rate at 1/6 Sec for first 10 minutes after acquisition
following lunar orbit insertion and 1/minute thereafter.
(2) No a priori information
(3) No data drop out
OPTICS CONSTRAINTS 	
+
Y
Constraints on the optical field of view used in landmark tracking are
introduced by self-va,;^metting of the optics mid occulsions by the structure.
Shown in figure 1a is the general optical system location and the critical
structural limitations in the S/C x-z plane. The structural occulsion is
presented in more detail in figuze 1b. The self-vignetting limitations are
basically a 1100 cone for the scanning telescope, and 1140 cone for the
sextant.
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Constraints on the response of the astronaut in performing the landmark
sighting function are introduced by the optics control system. The optics
line of sight controller is a two channel proportional rate control
operated by a controller on thg panel. The maximum rate level is adjust-
able to three levels .1, 1, 10 loge, which yield a range in rake control
available of 50 are sec/sec to 10 /sec.
LANDMARK UNCERTAINTIES
The landmarks used in the analysis and their associated uncertainties
(standard deviations) are given in the following figure;
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LANDMARK
Longi-
tude *
agrees)
Mapping
Uncertain
ties
(A)	 (Ft)
Libration
Uncertain
ties
(B)	 (Ft)
Acquisiticn
Uncertai
ties
(0)	 (Ft)
Predicted
ncert, ab
arbiter or
Surveyor**)
Orbiter
Uncertain,
ties
Messier, B.
Toricelli, C.
Pickering, E.
Turner
Lansburg, D.
48
26
7
-13
-30
LAT
2158
1641
In Lat,
Lon,
I	 and
Alt
For All
Land-
marks
3281
In Lat,
Lon,
and
Alt
For All
Land-
marks
LAT
4256
LAT
1LON LON LON
ALT 2986 ALT "0 ALT 6
LAT
1554
LAT
3984
FOR
ALL
LAND-
,MARKS
LON LON
ALT 3281 ALT 21
LAT
600
LAT
3718LON LON
ALT 3215 ALT 78
LAT
1 06T.
LAT
821LON LON
ALT 3281 ALT
1 
4921
LAT
1554
LA.T
398LON LON
ALT P281A ALT 21
All landmark latitudes are within +0.2 degrees of the equator
** Surveyor uncertainties same as predicted uncertainties for all landmarks
except E. Pickering (taken to be Surveyor's landing site) which was taken
to be 1500 feet in all components
sw.
r^
t.
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The mapping error (A) results from an inability to accurately map a
geographic location on the moon from the earth, and the libration error (B)
results from insufficient knowledge of the orientation of the spin axis and
spinning rate of the moon. The ability of the astronaut to acquire and mark
a point on a land mark (including visual fatigue) is given as the acquisition
error (C). The root sum square (RSS) of these three errors were used as the
predicted uncertainties. Since an orbiter's mission will be to more
accurately map the landmarks from a lunar orbit ( decreasing the mapping and
acquisition error), the RSS of (A) and (B) of E. Pickering, the minimal
mapping error landmark, was used as the orbiter- uncertainties for all
landmarks. The accuracy with which the surveyor's landing site (taken to be
E. Pickering) will be known was used as a landmark uncertainty.
A PRIORI NAVIGATION UNCERTAINTIES
The navigation error covariance matrix at the end of the lunar orbit inser-
tion is the sum of the error resulting from the maneuver itself and the
error in the MSFN update prior to the LOI. These covariance matrixes and
those for MSFN updates during lunar orbit are given in figure 2.
All data presented both in figure 2 and that which is to follow is given or
computed from a locally level coordinate system at the point presented.
This is such that z is parallel to the radius vector, x is downrange, and y
is to complete the right hand system.
RESULTS AND DISCUSSION
Using the models and data presented in the previous sections, (1) the sighting
schedules, (2) the optical instrument used, and (3) the number of orbits before
LM separation were varied to determine the effect of each parameter on the
accuracy of the lunar orbit navigation and the IM landing. These results are
discussed in the following sections.
TWO ORBITS. The onboard navigation capability during two orbits, orbital
period 2 hours, is shown in figures 3 and 4. These two plots of RMS position
and velocity error illustrate the power of tracking landmarks. Typically, the
error grows as the CSM passes the westernmost.landmark until arriving at the
easternmost landmark. The tracking of this first landmark naturally reduces
the error more than any of the remaining landmarks, as can be seen from the
figures. This plotted accuracy is the result of sighting three times on each
landmark on each pass with the scanning telescope.
This lunar orbit navigation error is reflected into a landing circular error
probable (CEP) in figure 5. This landing error is only that resulting from
the lunar orbit navigation and hence does not include errors from the LM
Hohmann transfer maneuver, the powered descent, nor the landing site itself.
The effect of the number of landmarks tracked and the number of sightings on
each landmark are shown. The dashed line is the error resulting from an
MSFN lunar orbit determination for an update during the second orbit. For
L
this case of two orbits, it can be seen that the tracking of four or five
landmarks is required of the onboard navigation scheme before the resulting
landing accuracy is equivalent to that of MSFN.
FOUR ORBITS. The positional lunar orbit navigation capability for four
crbits for the onboard scheme and MSFN is shown in figure 6. The onboard
scheme assumes a tracking of two landmarks with three measurements each
pass with the scanning telescope. This figure indicates that the two
navigation accuracies are comparable after two orbits. However, the two
peaks in the MSFN error per orbital period indicate that the major MSFN
error is an out-of-plane error, while that of the onboard is an in-plane
error,
The orbit navigation error is reflected into landing error in figure 7. The
additional case of tracking of three landmarks is also given. This resulting
Accuracy shows the onboard scheme to be slightly better than the MSFN, but
this difference should be considered insignificant because both are well
within acceptable limits.
THREE ORBITS. The landing accuracy for three orbits is given in figure g.
Additional data are given for sightings with the sextant, which can be
considered a variation of the accuracy of the scanning telescope from 1 mr to
.2 mr. This figure indicates that MSFN accuracy is between the two landmark
and the three landmark for the onboard scheme with the scanning telescope.
The discrepancy in the MSFN accuracy for three and four orbits is the result
of not having the two MSFN cova riance matrices.avalable at the same
longitude. This illustrates the problem of determining precise accuracies
without a precise timeline for a given mission. As far as landing accuracy
is concerned, it is not necessary to have four orbits, for these should be
sufficient. Hence, the total landing errors to be presented later v rill assume
three orbits.
LANDING SITE DETERMINATION
Figure 9 shows the geometry of an onboard landing site determination (LSD).
The scheme analyzed requires only two sightings on the landing site which are
assumed to be taken on the same orbit as LM separation. The solution for the
landing sate radius vector is given by
L R +/' (U1- E2 cos 0	 (Ro °- R^(
Sin2	 R
Where:
R1 is CSM position at first sighting.
R2 is CSM position at second sighting.
U1 is the unit vector from R1 to L obtained from the first sighting,
U is the unit vector from R	 to L obtained from the second2 sighting 1 and Cos(	 = U1 : U.
V .
b
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Figure 10 indicates the errors in the landing site to be expected with and
without an onboard LSD. With an onboard LSD, the error in the altitude of
the landing site is considerably improved. This is an important achievement
because of the ramification of altitude errors on the powered descent
guidance. The range error in the landing site with the onboard navigation
is high, but could be reduced by the tracking of more landmarks.
HOHMANN TRANSFER AND POWERED DESCENT
Figure 11 shows the landing errors resulting from the Hohmann transfer
maneuver and the powered descent. The Hohmann transfer maneuver was assumed
to take 45 seconds, which allows fcr an ullage, a low thrust period, a short
high thrust period, and a monitoring of engine cut-off with tho inertial
measuring unit. The product of this total time with the accelerometer bias
is the major error resulting from this maneuver. Since the partial derivative
of landing error with respect to horizontal velocity error at the Hohmann
transfer point is approximately two mile$, this accelerometer bias is a very
important error. The three cases considered show the extremes in expected
accuracy and indicates that an inflight calibration of the accelerometer bias
is prerequisite for meeting a 3,000 feet CEP at landing.
TOTAL LANDING ACCURACY
Figures 12 and 13 indicate the total landing accuracy, which is the sum of the
navigation accuracy and the accuracy of the landing site itself. The
navigation errors at landing for MSFN or onboard orbit navigation are
essentially the same; however, the LSD for the two result in a larger total
error for the onboard scheme. For either orbit navigation scheme, there is
a significant improvement in the total altitude rror which would have to be
removed 'by the guidance system (with the landing radar) during powered descent.
It is this improvement which illustrates the importance of the onboard landing
site determination.
LUNAR LAN'LEARK SIGHTING FEASIBILITY
The demonstration of lunar landmark sihting feasibility is dependent on
the limitations imposed by spacecraft fS/C) constraints, such as RCS propellant
capacity and the capability of the astronaut to recognize, track, and mark the
;landmark using the optics controller and spacecraft attitude control. Many
methods using various combinations of optics control and spacecraft control
might be invisioned; however, the reasonable techniques would appear to be
those in which the spacecraft attitude is oriented prior to the sighting and
the optics line--of-sight is controlled to mark the landmark position.
This study considered several attitude maneuver techniques and comparisons
of the attitude techniques on the basis of RCS propellant, earth communication
loss, and time in which the landmark (LMK.) was visible to the astronaut in
the field of view of the optics. A preferred technique was chosen based on
minimizing RCS propellant and communication loss and providing acceptable time
for the astronaut to perform the sighting function.
I0y
The attitude techniques which were considered are given below.
10	 ,r "X 12cal Vertical- MV) Rate. The spacecraft is oriented
with the shaft axis of the optics along the local vertical radius vector
with the y body axis in the plane of the orbit. The SIC is given a roll
yaw rate equal to the orbital rate. The axis system referred to is the CSM
body axis system as shown in figure 1a.
2. RR_ll L	 The SIC z body axis is oriented along the local
vertical radius vector with the SIC y axis in the plane of the orbit and the
SIC is given a roll rate equal to orbital .rate.
3. Pitch LV Rate,. This technique is the same as roll LV except SIC x
axis is in the orbit plane.
4.18111 r ial. The SIC attitude is held inertially fined as the
landmark is tracked, and the VC is oriented prior to the sighting such that
the SIC z body axis is parallel to the radius vector of the landmark to be
tracked. The S/C y-z plane is in the orbit plane.
5. Pitch Inertial. This technique is the same as roll inertial, except
the SIC X-z plane is in the orbit plane.
6. Roll LMK Rate. The SIC is oriented with the SIC y.-z plane in the
orbit plane and rotated at a ,rate to hold the landmark stationary in the
optics.
i
7. Pitch LMK Rate. This technique is the same as roll LMK rate except
the SIC x-z plane is in the orbit plane.
A comparison of the LMK attitude techniques is given in figure 14. Landmark
observation time, RCS propellant, and loss of earth communication is
tabulated. The LMK observation time was derived by egnsidoring the SIC in
an 80 n.m. circular orbit with an orbit-91 rate of.0 ,second; therefore,
the time required to traverse a central angle (Q) may be determined. The
optics look angle L at which a LM appears in view and disappears, was related
to 9 to determine the LMK observation time. It was assumed that the landmarks
will be chosen approximately in the orbital plane; therefore, the optics
look angle (W angle between the optics line-of-si ht and the shaft axis) and
look angle rate were related to the central angle f19 - angle between the
landmark radius vector and the radius vector to the SIG) through plane
geometry. The relationship between Wand 6 are given for the WC local
vertical modes and SIC Inertial Modes in figures 15 and 16 respectively.
Previous Gemini simulation experience has sho n approxianately 30 seconds
required per landmark sighting with 1 minute required for acquisition of
the landmark. Since the Apollo optics control is available whereas Gemini
did not have this capability the previous numbers are assumed conservative
for Apollo. All times listed in figure 14 allow at least four sightings
per landmark.
F9
It may be seen from Figure 14 that the roll-yaw local vertical rate
technique is superior with respect to RCS propellant and communication lose
and LM observation tune. It has therefore been chosen to illustrate the
detail attitude profile required and a detailed breakdown of the RCS
propellant requirements. It is the recommended technique on the basis of
these considerations; however, it may be seen in figure 14 that the roll LV
technique would be acceptable and it would be simpler to implement.
" 	 The RCS propellant required for the roll-yaw local vertical mode is shown
in figure 17. The RCS propellant was derived from the propellent utiliza-
tion given in reference 5. The results indicate that 4.84 lbs, of RCS
propellant per orbit are required to include landmark sightingo using a
roll-yawLV rate technique in the lunar mission. The RCS propellant for
landmark sighting on two orbits are compared to previously used landmark
sighting techniques and their contribution to the corresponding RCS
propellant budgets is given in figure 18.
It may be seen from figure 18 that the cost of landmark sightings on two
orbits with this technique is reasonable when compared to the advantages
of including landmark sighting to improve the on-board navigational
capability.
RECOMMENDED TECHNIQUE AND ATTITUDE TIMELINE
The technique for performing lunar landmark sightings is as follows with
the attitude timeline and sequence as shown in figure 19.
1. Orient the S/C and perform the IMU alinement such that this
operation is complete.at +90 lunar longitude.
2. Initiate local. vertical rate in roll.-yaw or roll at +900 longitude.
3. Orient the optics toward the chosen landmark when the SIC is 60
longitude from the landmark.
4. Control the optics line-of-sight at a rate equal to the landmark
motion in the optics as shown in figure 15.
5. Repeat 3 and 4 for additional landmarks.
6. Stop • ^ocal vertical rate after landmark sightings and landing site
determinatior,, measurements are completed. This occurred at approximately
zero degrees longitude for the preliminary mission profile (considered in
this study).
7. Orient the spacecraft to reacquire communication.
8. GN&C system may be turned off after Item 7 is completed..
0F
	
'1
0.0,
	 ,
CONCLUSIONS AND RE00MMENDATIONS
The landing eight determination technique will significantly reduce the
altitude uncertainty of the lunar landing site and should be incorporated
as part of the onboard navigation capability.
The onboard navigation landmark sighting technique is comparable in
accuracy with MSFN if two landmarks per orbit with three sightings per
landmark are performed or, two orbits, and it requires a minimal amount of
RCS propellant. These lunar landmark sightings should be :incorporated in
the lunar mission to provide an alternate lunar navigation capability.
A roll-yaw or roll local vertical attitude technique as presented herein
should be used for these sightings.
Reca,libration of the landmark accelerometer prior to LM/CSM separation is
essential with any navigation technique to meet a half mile CEP. This
calibration should be performed automatically and should be checked out on
early earth orbit missions.
A manual simulation of the lunar- landmark sighting phase should be
conducted to study the landmark acquisition problem and further define
manual procedures.
10
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APPENDIX A
Presented in this section are the equations which were used to determine
the landmark sighting time available. The data presented in the text of
this report is based on the planar problem where the landmark is in the
r=
orbital plane; however, the 'three dimensional case is also presented herein.
The optics look angles t and lL were related to the central angle (e),
between the landmark radius vector and the SIC position vector and the out-
a'	 of-plane angle of the landmark (0). The time available for viewing a
landmark may be determined by relating the angle where structural occlusions
occur (see figure 1b) to e at that point. The time necessary to traverse an
angle a is given by the angle between where the landmark appgared and
disappeared in the field of view and the orbital rate 6 = -.05 /sec. which ie
consistent with an 80 n.m. circular lunar orbit. The time maybe determined
for any constant out,-of-plane angle 0. The geometric relationship between
optics look angles and location of the landmark, with respect to the
spacecraft, is given in figure A.1. The orbital plane contains the L and R
axis and the L and P axis contain the landmark (LM). The angles Y and It
correspond to the optical look angles with respect to the S C radius vector
(r) and if the optical axis is coincident with r and the S/ X axis is in
the orbital plane, l and V(, correspond to the optical shaft and trunion angles,
respectively.
The equations which define ^, It with respect to 0, e, were obtained from
spherical trigonometry, and are as follows
61n
h^r — Cos
( 2 )	 sip
aR
w
I-101
where: The angles are defined in figure A.1.
These relationships are presented graphically in figure A.2. The time
available for any given out of plane angle 0 may be obtained from this
figure and the optics occlusion constraint given in figure 1.b.
It was assumed in this paper that the landmarks would be chosen very close
to the plane of the orbit to maximinize the sighting time and therefore
planar relationships were used, i.e., (0 = 0). That this technique yields
the maximum observation time may be seen in figure 11.2. Two apparent cases
are possible: (1) The S/C is rotated at orbital rate to maintain the optics
shaft along the S/C radius vector, (2) the S/C shaft axis is oriented
parallel to the radius vector of the landmark and maintained stationary.
The equation for case (1) is:
(5)
/	 — Cos ^-
The rate at which the landmark appears to move in the optics is related to
orbital rate as follows:
Cato-
Case (2). The case where the S/C attitude is inertial is obtained from the
relations for Case (1) by
where OIX is the look angle if the optics shaft axis is parallel to the
landmark radius vector.
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